The photoredox reaction of trisoxalato cobaltate (III) has been studied by means of ultrafast extended x-ray absorption fine structure and optical transient spectroscopy after excitation in the charge-transfer band with 267-nm femtosecond pulses. The Co-O transient bond length changes and the optical spectra and kinetics have been measured and compared with those of ferrioxalate. Data presented here strongly suggest that both of these metal oxalato complexes operate under similar photoredox reaction mechanisms where the primary reaction involves the dissociation of a metal-oxygen bond. These results also indicate that excitation in the charge-transfer band is not a sufficient condition for the intramolecular electron transfer to be the dominant photochemistry reaction mechanism.
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photoreduction ͉ organometallic ͉ ultrafast spectroscopy ͉ time-resolved EXAFS ͉ photodissociation T he photochemistry of transition metal trisoxalato complexes (1) has been studied extensively (2, 3) , not only because of their wide application in areas such as chemical actinometry (4), radical polymerization reaction initiation (5), degradation of organic pollutants (6) and as solar energy media (7) , but also because they have served as textbook models for electron transfer (ET) (8, 9) and stereochemistry (10) . For a long period, transition metal trisoxalato complexes were thought to undergo exclusively intramolecular ET from the oxalate group to the metal, ligand to metal, immediately after irradiation inside the charge-transfer band. This hypothesis was based on continuous wave, flash photolysis (11) (12) (13) (14) and nanosecond laser spectroscopic experimental results (15) in both aqueous and nonaqueous (16, 17) solutions. However, the proposed intramolecular ET process was thought to occur in the picosecond range, which could not be time-resolved with the methods that were then used. Owing to the lack of direct experimental support, such as transient absorption spectra or the observation of transient structural changes, intermolecular and intramolecular ET remained speculative. Is excitation in the charge-transfer band a sufficient condition for intramolecular electron transfer? What is the photochemical behavior difference between chargetransfer (CT) and ligand-field (LF) bands and why? The development of ultrafast spectroscopy, especially ultrafast x-ray spectroscopy (18) (19) (20) (21) (22) , allow us to reevaluate the photochemical mechanism of transition metal complexes. Previously, we performed static extended x-ray absorption fine structure (EXAFS) spectroscopic experiments that revealed the structures of only the initial and final product in the photolysis of CBr 4 without any attempt, as clearly stated, to measure the structure of any intermediate product (23) . This was in contrast to a report (24) that suggested that time-resolved EXAFS studies were performed and CBr 4 photolysis intermediates in solution were not observed. In fact, the final Br 3 CCBr 3 product detected and measured (23) can only be formed by CBr 3 radical recombination. It is also to be noted that our time-resolved optical studies were aimed only at the cage intermediates (25) and not at the study of the expected out-of-cage photochemical intermediates that were observed later by time-resolved x-ray diffraction (24) . Recently, we reported on the photochemistry of ferrioxalate in water by means of ultrafast transient optical and EXAFS spectroscopy and density functional theory (DFT)/unrestricted Hartree-Fock (UHF) calculations (26) (27) (28) (29) . Previously, we reported that excitation of ferrioxalate with either 267/266 nm or 400/355 nm pulses results predominantly in Fe-O bond dissociation, concurrent with photoelectron detachment followed by electron solvation as a side reaction, rather than intramolecular ET (26, 27, 29) . Direct intramolecular ET may take place with much lower efficiency. Solvated electrons were observed only by a two-photon process using 400-nm photons or a one-photon process using 267-nm excitation (26) . This reaction path has also been observed for trisoxalato cobaltate (III) with similar photon energy selectivity (27) . These results suggest that the strong absorption in the CT band is at least partially caused by the charge transfer from the trisoxalato metalate complex to the solvent. In the case of photodissociation, which we found to be the dominant reaction, we did not observe a significant difference in the kinetics and mechanism by exciting ferrioxalate either in the CT band, with 267-nm femtosecond (fs) pulses or the crossing point of the CT and LF band, with 400-nm fs pulses (26) . These data indicate that excitation in the CT band does not necessarily yield intramolecular ET but rather is in competition with other reaction paths such as dissociation. Is this major reaction path restricted to ferrioxalate or does it also apply to other trisoxalato metal complexes such as trisoxalato cobaltate (III)? In this article, we present time-resolved kinetics and structure changes induced by 266/267-nm pulsed excitation, measured by means of femtosecond to microsecond transient optical spectroscopy and ultrafast picosecond EXAFS. In addition, we have performed DFT (B3LYP/6-31G), quantum chemical, and Hartree-Fock (H-F/6-31G) calculations that provide supporting information that has helped us to elucidate the mechanism of the photoredox reaction of trisoxalato cobaltate (III) in aqueous solution. The experimental results observed previously (26, 29) for ferrioxalate are also considered and compared with the trisoxalato cobaltate(III) to deduce a rather general mechanism of the photochemistry and ET of metal trisoxalato complexes. pulses; 0.6 ps, 6.6-8.6 KeV x-ray pulses were used as the x-ray continuum probe pulses for time-solved transient structure EXAFS experiments. The continuum spectrum is shown in supporting information (SI) Fig. S1 . The k range is a bit limited owing to the L ␣2 line; however, with long-time exposure experiments an acceptable fit has been possible. A broad-band plasma source based on femtosecond laser irradiation of a water jet in helium has been reported recently, which was free from characteristic emission lines but yielded a less intense continuum at this energy range (30) . The energy resolution of the system was estimated to be 20 eV. This system has been used to measure the Fe-O bond lengths of the ferrioxalate redox reaction transients with 2-ps time resolution and 0.04 Å accuracy (26, 29) . Timeresolved EXAFS spectra were obtained by focusing the x-ray pulses on the sample with a x-ray lens (31) and then collecting the absorption signal through an energy-dispersive spectrometer (32) . The analysis of the EXAFS data were performed by using the standard automated data reduction program, ATHENA (33) , and an ab initio multiple scattering calculations program for EXAFS and x-ray absorbance near-edge spectrum (XANES) spectra, FEFF 8.20 (34) . The Co-O bond length was extracted from the EXAFS x vs. energy spectra shown in Fig. 1 , and presented in the form of ͉(R)͉ vs. R spectra (Fig. 2) , which exhibits the bond distance between cobalt and oxygen of the first coordination shell. By using our time-resolved EXAFS experimental system, we determined that the Co(III)-O bond distances of the parent molecule in water at 10 ps before excitation and without excitation, were 1.89 Å and 1.90 Å, respectively, whereas the reported value obtained by steady-state EXAFS was 1.898 Å (35) . These experimentally measured bond distances are in good agreement with the 1.90-Å x-ray crystallographic literature value for the Co(
3Ϫ (36) . We also used DFT and UHF methods to calculate the structure of the ground-state molecule and both calculations yield a value of 1.92 Å for the Co-O bond distance. The changes of the Co-O bond length as a function of time during the first 142 ps are summarized in Table 1 . Full geometry optimizations were performed for the ground state of each assigned structure by ab initio UHF and DFT calculations by using the Gaussian 03 program (37) . The basis set 6-31G was used for all ground-state calculations. The Becke three-parameter hybrid functional with the LeeYang-Parr correlation corrections (B3LYP) was used in the DFT calculations. Some theoretical results for ferrioxalate have also been reported (26, 28) . The very good agreement between theoretical calculations and the experimental data made it possible to propose a mechanism that is consistent with these data and is also supported by additional optical and radical scavenging experimental results. Our results of the ground-state structure calculations of the original molecule and transients and their assignment are summarized in Table 1 . For the ground state of the parent Co(III) complexes, we used the S ϭ 0 low spin state, which has been verified experimentally (38) , and for the Co(II) complexes, the S ϭ 3/2 high spin state was used, which agrees with the magnetic susceptibility measurements of K 2 Co(II)(C 2 O 4 ) 2 (39) .
Optical Transient Absorption Spectra. The laser systems that were used to determine the femtosecond, picosecond, and nanosecond optical transients of trisoxalato cobaltate (III) have been described (26, 29) . For the present studies, the pump pulses consisted of 100 fs, 0.3 mJ, 267-nm pulses (3rd harmonic of Ti:Sapphire laser) or 35 ps, 7 ns, 1 mJ 266-nm pulses (4th harmonic of the Nd:YAG laser). The probe continuum was generated by focusing the 800-nm fundamental or 400-nm 2nd harmonic of a Ti:Sapphire laser in a 5-mm H 2 O cell. The trisoxalato cobaltate (III) concentrations used varied from 0.28 to 2.3 mM. Our transient optical data show that after excitation with 267-nm fs pulses, two intermediate absorption bands were formed at 340-390 nm (see Fig. 3 ) and at 400-800 nm (shown in SI Text and Figs. S2-S4). The formation and decay kinetics of the 340-to 390-nm transient band is depicted in Fig. 4 and is summarized in Table 2 . Immediately after excitation with 20-ns 266-nm pulses, two absorption bands were observed (Fig. 5) , one located between 340 nm and 400 nm and the other in the 400-to 800-nm range. The 400-800 nm is a solvated electron band that decays exponentially with a lifetime of 72 ns and disappears 500 ns after excitation, whereas the 340-to 400-nm band with a maximum wavelength at 360 nm is still evident. Nanosecond and microsecond transient spectra at 5.8 ϫ 10 Ϫ4 M show that this transient absorption band has a two-component, diffusioncontrolled decay, a short component with a 55-ns decay lifetime and a long component with a 55-s decay lifetime (see Fig. S5 ).
At 500 ns after excitation, two bands with negative ⌬OD were also observed at 420 nm and 600 nm, respectively. These bands have exactly the same wavelength range and maxima as the absorption band of the nonexcited trisoxalato cobaltate (III). They were not observed earlier than 500 ns after excitation, because they were masked by the intense 400-to 800-nm solvated electron absorption band and became evident after 500 ns when the solvated electron band decayed. Therefore, we attribute them to the bleaching of the ground state of trisoxalato cobaltate (III).
Discussion
Photodissociation. Ultrafast optical studies. Femtosecond transient absorption spectra (Fig. 3A) show that after excitation with a 267-nm fs pulse, an absorption band was formed in the 320-to 390-nm range that undergoes the fast decay shown in Fig. 3B . The continuous band shift of the maxima from 0 to 1.3 ps depicted in Fig. 3A is due to group velocity dispersion of the probe 320-to 390-nm continuum, and the spectra corrected for dispersion are shown in Fig. S4 . The kinetics of this transient absorption band at 380 nm plotted in Fig. 4 in the form of ⌬OD vs. t show an OD increase, at 380 nm, from 0 to 0.04 OD within 1 ps, followed by a rapid decrease from 0.04 OD to 0.007 OD within 1.6 ps, corresponding to a decay lifetime of 0.8 ps. The decay may be attributed to the vibronic relaxation internal conversion within the excited state, which is typical of large molecules in the condense phase. After 3.3 ps, the 380-nm intensity remains constant for at least 20 ps. Ultrafast EXAFS studies. Based on our ultrafast EXAFS data obtained for trisoxalato cobaltate (III), we determined that the Co-O bond length has a value of 1.90 Å, in the original nonirradiated form, then increases to 1.98 Å immediately after excitation, followed by a decrease to 1.93 Å after 2 ps, and then a further decrease to 1.78 Å after 4 ps. At times longer than 4 ps the Co-O bond length was measured to have a value of 1.81 Å and remained as such for the 142-ps time span capability of our femtosecond system. The trend of these observed bond length changes for trisoxalato cobaltate (III) is very similar to that observed for ferrioxalate under the same experimental conditions, namely 1.99 Å for the parent molecule, 2.21 Å at ϩ2 ps, 1.92 Å after 4 ps, and 1.89-1.93 Å for 5-140 ps (see Table 1 for a list of both trisoxalato metalates). Based on the similarity of the structural changes of trisoxalato cobaltate (III) and ferrioxalate, we propose the following reaction mechanism for both molecules.
We attribute the structural changes observed for trisoxalato cobaltate (III) to the following transient species: (i) 3Ϫ *, which has been elongated by 0.08 Å compared with the ground-state molecule. A similar bond length increase by Ϸ0.09 Å has also been observed lately in the Fe-N bond after excitation (40) . Although theoretical calculations for the excitedstate structure are not available, we analyzed the electronic properties of the interacting frontier molecular orbitals, highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), at the optimized ground-state geometry. The sum of the squares of the MO coefficients of the total atomic contributions from Co and three oxalate groups are 0. 34 Table 1 were determined to be 1.78 Å at 4 ps after 267-nm excitation and 1.81 Å after 10 ps and remained at 1.81 Å for the 142-ps limit of our EXAFS experiments. The time and spatial resolution of our ultrafast x-ray system is 2 ps and 0.04 Å, respectively (26 Ϫ remains in the ϩ 3 oxidation state, and suggests that intramolecular ET from oxalate to cobalt is not the dominant reaction during this time period, although we do not exclude its involvement.
We also considered the mechanism of intramolecular ET by calculating the structure of [Co(II)(C 2 O 4 ) 2 ] 2Ϫ (S ϭ 3/2). These DFT calculations show that the [Co(II)(C 2 O 4 ) 2 ]
2Ϫ ion has a tetrahedral-like configuration and a Co-O bond length of 1.98 Å. This bond length looks similar to the bond length that was observed at 0 ps after excitation. If we assumed that the species we observed, just after excitation, was the Co (II) complex, which might have a similar Co(II)-O bond distance as
2Ϫ , then it becomes difficult to understand the process that proceeds from Co(III) to Co(II) and then returns back to Co(III) complex. The change from Co(II) to Co(III) complex is possible in the nanosecond range when the oxygen dissolved in the water solution initiates a diffusion-controlled oxidation reaction, but is not a likely reaction during the 2-to 4-ps EXAFS time range that we investigated. We note that the elongation of the Co-O bond length from 1.90 Å in the ground state to the excited state by 0.08 Å suggests that the excited state may indeed have Co(II) character to a certain extent. This is understandable by an intramolecular charge-transfer mechanism from oxygen to cobalt. However, this partial charge transfer might lead to two reaction paths: (path 1) intramolecular electron transfer and (path 2) breaking up a Co-O bond facilitated by the bond elongation. Which of these two mechanisms is dominant depends on the reaction rate of each path. The Co-O bond lengths obtained in the 4-to 142-ps range indicate that path 2, dissociation of Co-O bond, is dominant. However, path 1 is not ruled out. The structural changes that occur at times longer than 142 ps after excitation could not be measured by our present subpicosecond EXAFS system. However, the transient optical spectroscopic data that we have presented were used to determine the reaction mechanism at times Ͼ142 ps. 2Ϫ , whose reaction rate was determined to be in the microsecond range and also concentration-dependent. The equilibrium, reaction 7, will obviously shift to the left when the concentration of oxalate increases and will result in a slower decay of Co(II)(C 2 O 4 ) 3 4Ϫ (see Fig. S5 ). Radical scavenger experiments were also performed to identify the presence and involvement of CO 2 •Ϫ radical anion in the electron transfer process. Yet, a very weak scavenger effect was found (see SI Text).
Photoelectron Detachment. A 400-to 800-nm transient was generated by one-photon, 267-nm, excitation of trisoxalato cobaltate (III) and is assigned to solvated electrons (27) for the following reasons. (i) It has the shape, width, spectral range, and absorption maximum (41, 42 molecule by a nanosecond concentration-dependent reaction 10 (see Table 2 ). (iv) The decay lifetime depends on the concentration of the nitrate electron scavenger. The experimentally measured bimolecular quenching constant of 1.4-1.5 ϫ 10 10 M Ϫ1 s Ϫ1 agrees well with the literature values (43) . Based on our data, the following photochemical mechanism is proposed: 267/266 nm excitation of trisoxalato cobaltate (III) in addition to dissociation generates solvated electrons. The reaction path for the electrons may include cage recombination and/or reaction with parent molecules [Co(III)(C 2 O 4 ) 3 ]
3Ϫ :
Cage recombination:
Out cage reaction:
The 720-nm band is assigned to the solvated electron transient and the strong absorption band of trisoxalato cobaltate (III) between 200 nm and 350 nm shown in Fig. 4 is assigned to be a charge transfer to solvent (CTTS) absorption band. The electron/[Co(C 2 O 4 ) 3 ] 2Ϫ reaction time, 25 ps, is at least one order magnitude longer than the 0.8-ps, 380-nm band decay lifetime, therefore, this reaction cannot be considered to be responsible for the 380-nm fast-decay lifetime. However, the 267-nm photon can excite the trisoxalato cobaltate (III) molecules to the CTTS states, which decay with a lifetime of several hundred femtoseconds (44) . This decay lifetime agrees well with our 0.8-ps experimental data for the decay of the 380-nm band. Therefore, we attribute the 380-nm transient with a 0.8-ps decay lifetime to CTTS states of the trisoxalato cobaltate (III) molecule. The quantum yield of the solvated electron formation is estimated by comparing the intensity of the transient absorption bands of Co(III)(ox) complex and ferrocyanide solutions at 680 nm under the same experimental conditions. By using the quantum yield of solvated electron generated in ferrocyanide, which is reported to be Ϸ1 (45), we determined the quantum yield for the photoelectron detachment from trisoxalato cobaltate (III) to be Ϸ0.10. The quantum yield of Co(II)(ox) formation has been measured to be 0.7 (46) ; therefore, the photoelectron detachment is a low quantum yield side reaction. Similar results have been observed for ferrioxalate (29) .
In summary, based on the time resolved EXAFS Co-O bond distances, the transient optical data and the DFT/UHF theoretical calculations we propose that the dominant photoredox reaction of trisoxalato cobaltate (III) initiated by 267/266 nm excitation in the charge-transfer band is a fast dissociation process, rather than intramolecular electron transfer, with photoelectron detachment and subsequent solvated electron processes as side reactions.
Materials and Methods
(NH4)3Co(III)(ox)3⅐3.5H2O, where ox ϭ C2O 4 2Ϫ , was prepared and purified according to ref. 47 . The absorption extinction coefficient of trisoxalato cobaltate (III) at 267 nm was 1.6 ϫ 10 4 cm Ϫ1 M Ϫ1 . The concentration used for time-resolved EXAFS experiments was 1.0 M, which corresponds to x Ϸ1.0 for 7.7 KeV radiation. Precise spatial and temporal overlap of the 267-nm optical pump beam and the 6.6 -8.6 KeV x-ray probe beam was achieved by using the procedure described in refs. 26 and 29.
